We derive X-ray mass, luminosity, and temperature profiles for 45 galaxy clusters to explore relationships between halo mass, AGN feedback, and central cooling time. We find that radio-mechanical feedback power (referred to here as "AGN power") in central cluster galaxies correlates with halo mass as P mech ∝ M 1.55±0.26 , but only in halos with central atmospheric cooling times shorter than 1 Gyr. The trend of AGN power with halo mass is consistent with the scaling expected from a self-regulating AGN feedback loop, as well as with galaxy and central black hole co-evolution along the M BH −σ relation. AGN power in clusters with central atmospheric cooling times longer than ∼ 1 Gyr typically lies two orders of magnitude below those with shorter central cooling times. Galaxies centred in clusters with long central cooling times nevertheless experience ongoing and occasionally powerful AGN outbursts. We further investigate the impact of feedback on cluster scaling relations. We find L−T , and M −T relations in clusters with direct evidence of feedback which are steeper than self-similar, but not atypical compared to previous studies of the full cluster population. While the gas mass rises, the stellar mass remains nearly constant with rising total mass, consistent with earlier studies. This trend is found regardless of central cooling time, implying tight regulation of star formation in central galaxies as their halos grew, and longterm balance between AGN heating and atmospheric cooling. Our scaling relations are presented in forms that can be incorporated easily into galaxy evolution models.
INTRODUCTION
Energetic feedback from active galactic nuclei (AGN) has governed the growth of bulge galaxies from the quasar era (Silk & Rees 1997 ) through late times (Croton et al. 2006 , reviewed by McNamara & Nulsen 2007 Fabian 2012) . In the early Universe, quasar winds regulated the growth of galaxies by staving off accretion of molecular clouds, quenching both star formation and accretion onto the quasar itself (Silk & Rees 1998 , reviewed by Alexander & Hickox 2012 . As the Universe aged through redshift two to the present, the descendants of quasars -elliptical and brightest cluster galaxies (BCGs) -developed hot atmospheres of gas now observed in X-rays. Hot atmospheres serve as repositories of fuel from which elliptical galaxies and their supermassive black holes form. When an atmosphere's cooling timescale becomes shorter than the age of the system, the gas is expected to cool and accrete onto the galaxy fuelling both star formation and the AGN (Fabian 1994) . A significant fraction of giant elliptical galaxies harbour radio AGN signalling ongoing accretion onto massive black holes (Heckman & Best 2014) . Gravitational binding energy is released in the form of radio jets and winds, which drive shock waves and buoyantly-rising bubbles into the surrounding atmospheres (e.g., Churazov et al. 2000; McNamara et al. 2000; Bîrzan et al. 2004; Dunn, Fabian & Taylor 2005 ). The energy released in this is captured by the intracluater medium, sup-pressing cooling flows and regulating star formation (e.g., Nulsen et al. 2005; Forman et al. 2007; Blanton et al. 2011; Randall et al. 2011) . In addition to heating, radio jets drive hot plasma (Simionescu et al. 2008; Kirkpatrick, McNamara & Cavagnolo 2011 ) and cold molecular outflows at rates of tens to hundreds of solar masses per year (Edge 2001; Salomé & Combes 2003; Russell et al. 2014; McNamara et al. 2014; Morganti et al. 2015) . Flow rates of this magnitude rival or exceed the star formation rates in central galaxies (Kirkpatrick & McNamara 2015) , thus they must be a significant aspect of the co-evolution of galaxies and massive black holes (Heckman & Best 2014) . Much is not understood. For example, whether the outflowing gas leaves the galaxy entirely or returns to fuel future star formation and AGN activity is unclear Morganti et al. 2015) . Nevertheless, radio-mechanical feedback is clearly an important (Croton et al. 2006; Bower et al. 2006 ) and long-term phenomenon that has persisted for at least the past 7 Gyr (Ma et al. 2011; Hlavacek-Larrondo et al. 2013; McDonald et al. 2013) , or a substantial fraction of cluster ages.
The degree to which feedback affects cluster atmospheres as a whole is unclear. The most compelling, albeit indirect, evidence of AGN heating are departures of cluster scaling relations from simple power-law forms expected were clusters evolving under the influence of gravity alone (Kaiser 1986; Evrard & Henry 1991) . For example, the observed L−T and L−M relations in clusters are steeper than the L ∝ T 2 , L ∝ M 4/3 relations expected from self-similar evolution (see Giodini et al. 2013 for a review). Modeling has shown that the observed scaling relations can be reproduced when the energy released by AGN feedback and radiative cooling are included (Bialek, Evrard & Mohr 2001; Babul et al. 2002; Tozzi & Norman 2001; Voit et al. 2003; McCarthy et al. 2010; Short et al. 2010; Planelles et al. 2013) . While the early "preheating" models of Kaiser, Evrard, and Henry conflict with observations of the Lyα forrest and the entropy profiles of cluster cores (reviewed by Kravtsov & Borgani 2012) , recent observations indicate that continual heating by radio AGN, preferentially in lower mass clusters, may be able to supply the ∼ 1 keV per particle of heat needed to account for the observed scaling (Ma, McNamara & Nulsen 2013) .
The declining fraction of baryons residing in stars above halo masses of ∼ 10 12 M (eg. David, Jones & Forman 1995; Behroozi, Wechsler & Conroy 2013; Gonzalez et al. 2013 ) may be another indication that AGN heating is significant on large scales. As halos become more massive, a progressively smaller fraction of the total mass is contained in stars despite the increasing fuel supply. At the same time, the total baryonic mass fraction (gas + stars) approaches the cosmic value with increasing halo mass. The stellar mass fraction is a measure of the integrated star formation history. As such, observations that the stellar mass fraction declines with halo mass implies the quenching of star formation is dependent on halo mass. It also indicates that the most massive halos are able to retain their baryons while less massive halos lose them (Balogh, Navarro & Morris 2000 , Kravtsov, Vikhlinin & Meshscheryakov 2014 . The prevalence of radio-mechanical feedback in giant elliptical galaxies (Best et al. 2007) , and high power output in galaxy clusters (Vantyghem et al. 2014 ; Vikhlinin et al. 2006; McDonald et al. 2015 ) makes radio-mechanical AGN heating an appealing mechanism to prevent cooling and star formation, and perhaps an agent ejecting gas from lower mass halos.
In order to determine the degree to which radio-AGN are affecting the baryonic mass fraction and scaling relations, the relationship between halo mass and jet mechanical power must be explored. The measurement of cluster masses and scaling relations using a variety of techniques has been a burgeoning topic for decades, but primarily in the context of cosmology (Vikhlinin et al. 2006; Allen et al. 2006; Mahdavi et al. 2013; Mantz et al. 2010 ) and large scale structure formation (Clowe et al. 2006; Hoekstra, Yee & Gladders 2004) . We address here the relationship between hydrostatic cluster masses and radio-mechanical feedback from supermassive black holes using a complete, flux-limited sample of clusters. We focus here for the first time on relationships between jet power and halo mass. We adopt standard methodologies using X-ray cavities to estimate mechanical AGN jet power where possible, and use the relation between synchrotron luminosities and mechanical AGN power from Cavagnolo et al. (2010) to cover our full sample. Using archival Chandra X-ray data and the Two Micron All-Sky Survey 1 (2MASS, Skrutskie et al. 2006) , we investigate cluster scaling relations within our sample and compare them to previous measurements of the cluster population as a whole. We measure the scaling of gas mass with halo mass at R2500 and the relationship between stellar masses of BCGs and halo mass. We investigate how AGN power scales with several cluster properties, focussing on the critically important atmospheric cooling. We focus on feedback above and below the central cooling time threshold at 1Gyr, beyond which thermal conduction is insufficient at compensating for radiative losses (eg: Voit et al. 2015) . We investigate the effect AGN feedback may have on on-going cluster scaling relations. We assume a cosmology with ΩM = 0.3, ΩΛ = 0.7, H0 = 70 km s −1 Mpc −1 (an approximation of the concordance cosmology, i.e. Bennett et al. 2014) . All errors are quoted at the 1σ level.
SAMPLE AND DATA REDUCTION

Sample
We investigate the effects of radio-mode feedback in the HIghest FLUx Galaxy Cluster Sample (HIFLUGCS), a complete flux limited X-ray sample of 64 galaxy clusters at galactic latitude |b| > 20 o with X-ray flux fx > 2.0 × 10 −11 erg s −1 cm −2 in the 0.1-2.4 keV band (Reiprich & Böhringer 2002) . All of the clusters in HIFLUGCS have been observed with Chandra, and 26 of these systems have observed X-ray cavities (Bîrzan et al. 2012) . All 64 clusters in HIFLUGCS have detections or upper limits of 1.4 GHz radio emission of central radio sources. We use the 23 X-ray cavity systems with central cooling times below one Gyr to investigate the scaling relations of AGN mechanical power with cluster properties, since the AGN power in these systems is correlated with the cluster-scale properties of the ICM (Mittal et al. 2009, section 5) . We refer to this subset of 23 X-ray cavity systems as our primary sample. We use the 1.4 GHz emission to investigate AGN heating using mechanical power in the full HIFLUGCS sample in Section 5. Values used for the HIFLUGCS systems not in our primary sample are taken from the literature, and are referenced throughout.
We include an additional 27 cool-core clusters with radio cavities embedded in their X-ray atmospheres systems to extend the dynamic range of our sample. We refer to this as the extended sample throughout. This extended sample is comprised of the systems in Rafferty et al. (2006) which are not in HIFLUGCS, and the clusters from the Massive Cluster Survey (MACS, Ebeling, Edge & Henry 2001) with clearly-defined cavities from Hlavacek-Larrondo et al. (2012) . We additionally include the giant elliptical galaxies NGC5813 and NGC5846. Table 1 lists our sample and cleaned Chandra exposure times of all observations used.
Chandra Data Reduction
All Chandra observations were reprocessed with ciao 4.6 using caldb 4.5.9. Events were corrected for the timedependent gain and charge transfer inefficiency and then filtered to remove those with bad grades. The improved background screening available in vfaint mode was used whenever possible. Background light curves were extracted from the level 2 event files, and were filtered for flares using the lc_clean 2 routine of M. Markevitch. Blank-sky backgrounds were extracted for each observation, processed identically to the event files, and reprojected to the sky position of the corresponding event files. The blank-sky backgrounds were normalized to match the 9.5-12.0 keV flux in the data set. All observations used, and final cleaned exposure times are detailed in Table 1 .
ANALYSIS
X-ray Analysis
Spectral Extraction
Spectra were extracted from concentric circular annuli centred on the cluster centre. For systems with central surface brightness cusps, the centre was taken to be the position of the brightest pixel. For systems with no obvious central surface brightness peak, the cluster centre was taken to be the centroid of the X-ray emission, computed iteratively up to three times. Point sources were detected using the wavdetect (Freeman et al. 2002) wavelet algorithm in ciao, along with an image of the point spread function (PSF) to account for the degradation of the off-axis PSF. These point sources were confirmed by eye, and masked out in further analysis. Any known extended sources, or cluster substructure associated with mergers was also masked out of further analysis. The masked regions typically accounted for only a few percent of the total area.
Annuli enclose a minimum of ∼3000 counts permitting temperatures to be measured accurately in deprojection. Fewer source counts were required for low-temperature systems as emission lines make their temperature easier to determine. For systems with a very high number of source counts, we are limited by computational time of spectral fitting and error propagation rather than source counts. For these systems, the number of counts per annulus is chosen such that there are no more than ∼10-12 annuli per system. Spectra were extracted from these annuli in ciao, and were grouped to have at least 30 counts per energy channel. Weighted redistribution matrix files (RMFs) were extracted using mkacisrmf, and weighted auxiliary response files (ARFs) were created using mkwarf. Spectra for observations on the same chip were summed together for observations of similar time period, and were kept separate otherwise. The ARFs and RMFs for the summed spectra were weighted according to the relative number of counts in each spectrum. The area lost to masked point sources, chip gaps, and so forth were accounted for.
To check for residual soft background emission, spectra were extracted from regions without any cluster emission. These spectra were then compared with the blank-sky backgrounds for consistency. In the case that the soft background was inconsistent with the blank-sky background, the residual emission was modelled by one or two soft thermal models with Z/Z = 1, z = 0 as described in Vikhlinin et al. (2005) . The normalization was allowed to be negative to account for an over-subtraction of the soft backgrounds. In systems where the cluster emission is non-negligible over the entire detector, the additional soft background component is fit simultaneously with the cluster emission in the outermost annulus. The model for the soft background emission was scaled by the area of each annulus and added as a corrfile to each spectrum.
Mass Profiles: Hydrostatic Method
To calculate hydrostatic masses spectra were analysed in xspec using the nfwmass mixing model (Nulsen, Powell & Vikhlinin 2010 ). This method assumes that the cluster is spherically symmetric, and that the X-ray emitting cluster gas is in hydrostatic equilibrium. The effects of non-thermal pressure at R2500 are expected to bias mass measurements low on the order of 10%−20% (Nagai, Kravtsov & Vikhlinin 2007) , but have also been found to be consistent with zero (Vikhlinin et al. 2009; Mahdavi et al. 2013) . We use the additional assumption that the underlying gravitational potential (i.e. including both dark matter and baryonic mass) follows the NFW profile (Navarro, Frenk & White 1997) 
where ρ0 is a characteristic density, and rs is the scale radius. The NFW profile has been found to be an accurate description of cluster mass profiles, including systems with significant feedback Vikhlinin et al. 2006; Schmidt & Allen 2007; Gitti et al. 2007) . Under the assumption of spherical symmetry, the enclosed mass as a function of radius is described in terms of observables as
The full radial information of the temperature, gas density, and gravitating density are then given by the free parameters of the spectral fits: rs, A = 4πGρ0r 2 s µmH , and a temperature for each annulus. As rs and A = 4πGρ0r 2 s µmH are c 0000 RAS, MNRAS 000, 000-000 In conjunction with the nfwmass model, each region was fit in the energy range 0.6 − 7.0 keV by a phabs(apec) model in xspec version 12.8.0 (Arnaud 1996) , using apec version 2.0.2 (Foster et al. 2012) . The inner regions of each cluster were excluded within the volume of the X-ray cavities, to avoid biasing the spectral fits due to multiphase gas and substructure. The spectra were fit using χ 2 minimization. The values of Anders & Grevesse (1989) were used for the solar abundances to calculate metallicity in our spectral fits. The hydrogen column density (NH ) values were fixed to the galactic values of Kalberla et al. (2005) , except in systems where the best-fit value was found to be significantly different. In these cases, we used the best-fit NH to fit the spectra beyond the cool-core. The NH values used are listed in Table 1 . Abundances were allowed to vary in the spectral fits, but were tied, as necessary, between adjacent annuli in the outer regions where the metallicity is nearly constant (De Grandi & Molendi 2001) .
Galaxy cluster masses are typically measured to R∆, the radius within which the enclosed mass is ∆ times the critical mass density at the cluster redshift. Then,
where ρc = 3H 2 /8πG, H = H0E(z), and
1/2 in a flat Λ-CDM cosmology. We determine masses out to R2500, as the Chandra data extend beyond it for the majority of our sample, and M2500 is then used as a proxy for cluster mass. The values of M2500 and R2500 are determined by numerically solving equation 3, given the NFW profile defined by our best fit A and rs values. In some nearby systems, extrapolation of the NFW profile was needed to reach R2500. In these systems, the errors on M2500 are likely underestimated. All calculated values of M2500 are given in Table 2 , and the systems where extrapolation to R2500 was needed are noted. The reduced χ 2 values of our spectral fits range between 0.89 and 1.32 with a mean value of 1.09. The Perseus cluster is an outlier with a reduced χ 2 value of 3.11. Perseus has exceptionally high quality data due both to being the brightest X-ray cluster in the sky and having deep exposures, and requires a multi-temperature model with multiple element abundances allowed to vary to accurately fit its spectra (e.g., Sanders et al. 2004 ). Our total mass profiles and gas mass profiles are presented in Appendix A.
As a calibration, we compare our mass measurements with other Chandra based hydrostatic measurements from the literature. We determine M2500 for the sample of clusters analyzed in Vikhlinin et al. (2006) , except for Abell 2390 which was unconstrained. We also compare our M2500 values to those of Allen et al. (2008) and Sun (2009) in the systems that overlap our sample. We convert the mass measurements from the literature to a consistent cosmology, and compare our measurements in Figure 1 . We find that our mass results are consistent within R2500 with no mass-dependent bias.
Mass Profiles: Remaining HIFLUGCS Systems
We derive M2500 for the remaining HIFLUGCS systems (i.e., HIFLUGCS systems not in our primary sample) us- ing the β, rc, Tx and M500 parameters in table 4 of Reiprich & Böhringer (2002) , which fully describe the mass profile. ROSAT , ASCA, and Einstein observations were used to make these mass measurements, and likely have different systematics than our Chandra mass measurements. To correct for this, we compare how our mass measurements differ in the 24 systems where we have already determined M2500 using Chandra data. We find that the average ratio of our measurements to be M2500/M 2500,Reiprich = 1.18 with a standard deviation of 0.33. We apply this ratio to the M2500 values derived from Reiprich & Böhringer (2002) to estimate M2500 for the remainder of the HIFLUGCS systems. Measurements with this level of accuracy are sufficient, as these additional mass values are being used to investigate broad, qualitative trends.
Gas Mass
The gas density profiles were derived from the same set of spectra as our total masses, but including spectra in the central region of the cluster. The spectra were fit in the 0.6−7.0 keV range with using a projct(phabs*apec) model in xspec, to obtain deprojected gas density profiles. The density profiles were then integrated in a piecewise manner from the centre of the cluster to obtain the radial gas mass distribution. From the gas mass profile, we derived Mg within R2500 (shown in Table 2 ). In systems where the data do not reach R2500, Mg at R2500 was estimated by extrapolating an NFW profile fit to the inner profiles. The emissivity measurements of the outer bins may be artificially high as we assume no cluster emission beyond (see the gas mass profiles in Appendix A). Due to this effect, we have extrapolated our gas mass profiles for which only the final bin is beyond R2500.
Luminosity and Temperature
Other quantities of interest include the bolometric luminosity and temperature of our systems. To this end, spectra were extracted from apertures out to R2500 in each system, with the inner 0.3 R2500 excluded. These are used as proxies for the virial temperature and luminosity, since many of our systems do not have data far beyond R2500. These spectra were fit with a phabs(apec) model in xspec, along with an additional apec model for the excess soft background when needed. The cflux model in xspec was used to calculate the unabsorbed flux in the energy range of 0.05 keV -50 keV used in the luminosity measurement.
Central Cooling Time
Hudson et al. (2010) showed the central cooling time to be the best means of distinguishing a cool-core in systems with high quality X-ray data. When investigating the full HI-FLUGCS sample, we separated the systems into two populations with central cooling times lying above and below 1 Gyr. Central cooling time below 1 Gyr corresponds observationally to the cooling time threshold for the onset of star formation in central galaxies and is a strong indication of a cool-core (Rafferty, McNamara & Nulsen 2008; Cavagnolo et al. 2008; Mittal et al. 2009; Hudson et al. 2010 ). Theoretically, this timescale is a rough threshold beyond which cooling in the centres of clusters cannot be locally suppressed (Sharma et al. 2012; Voit et al. 2015) . Cooling time profiles at the centres of clusters continue to decrease with radius (Panagoulia, Fabian & Sanders 2014) , so it is important to define the central cooling time in a way that is unbiased by resolution. We use the tc values of Hudson et al. (2010) , where the central cooling times are all determined at a consistent radius of 0.004R500. This radius is resolved in all systems.
Cavity Energetics
The mechanical energy output from the central AGN can be directly measured from cavities observed in X-ray data (McNamara et al. 2000; Churazov et al. 2000; Bîrzan et al. 2004) . Assuming the cavities are in pressure balance with the surrounding ICM, the minimum mechanical energy required to inflate the cavity is
where p is the pressure surrounding the cavity, V is the volume of the cavity, and γ is the adiabatic index of the medium filling the cavity. It is commonly assumed that the cavities are filled with relativistic plasma, as they are created by radio synchrotron emitting jets. In this case, γ = 4/3, and the energy output is Ecav = 4pV . The mean power of the AGN is then estimated by dividing by the outburst age. AGN powers derived in this manner generally underestimate the total power . In this study, the buoyancy timescale of the cavities is used in all power calculations (McNamara et al. 2000; Churazov et al. 2000 Churazov et al. , 2001 , calculated as
where S is the cross section of the bubble, and C is the drag coefficient taken as C = 0.75. The gravitational acceleration is calculated as g ≈ 2σ 2 /R, where σ is the stellar velocity dispersion. We use the buoyant timescale for consistency, since all cavity systems in our sample have existing power estimates in the literature using this timescale. It is likely an overestimate of cavity ages, as bubbles are expected to expand supersonically in the early stages of being driven by the jet. Cavity energies and power measurements are listed with references in Table 2 .
Radio Luminosity
X-ray cavities are inflated by radio jets so we use the luminosity of central radio sources as a proxy for AGN activity. We have obtained monochromatic, 1.4 GHz radio luminosities of central radio sources for all of the HIFLUGCS objects from Mittal et al. (2009) and Bîrzan et al. (2012) . In these studies, a radio source was deemed central if it is within 50h −1 71 kpc of the X-ray peak. In systems without detected central radio sources, upper limits were estimated using the NVSS images by Bîrzan et al. (2012) .
Stellar and Black Hole Mass
Apparent K-band luminosities taken from the 2MASS Extended Source Catalog are used to estimate stellar masses of the BCGs. Stellar magnitudes were corrected for galactic extinction (Schlegel, Finkbeiner & Davis 1998) , evolution, and K-corrections (Poggianti 1997) . Absolute magnitudes were calculated assuming our adopted cosmology, and redshifts in Table 1 . We convert K-band luminosities to stellar mass using the relation log(M/LK ) = −0.206+0.135(B −V ) from Bell et al. (2003) , a model fit to a large, varied sample of galaxies. Since we do not have B −V measurements for all of our systems, we adopt a B − V value of 1.0, a good estimate in massive BCGs (Baldry, Glazebrook & Driver 2008) . In addition, our results are insensitive to changes of order 0.1 in the B−V colours used. We adopted the mass-to-light ratio and color found by Hogan et al. (2016, in preparation) that simultaneously reproduces hydrostatic mass profiles, similar to those measured here, and those derived from stellar velocity dispersion profiles and weak lensing profiles. In addition to total stellar masses of the BCGs, we estimate stellar mass within 20 kpc from the 2MASS radial K-band light profiles to compare star formation histories of our systems at a consistent radius. We convert the standard 2MASS circular apertures between 5 and 70 arcseconds to kpc using our adopted cosmology and the redshifts listed in Table 1 , and interpolate the magnitudes between apertures to reach an estimate of the K-band magnitude within 20kpc.
K-band luminosities (Graham 2007 ) were used to estimate the black hole masses as,
The scatter of 0.33 dex in this relation is included in the errors on our black hole masses. Lauer et al. (2007) showed that the K-band magnitudes for BCGs from 2MASS do not capture the full extent of the stellar envelope and thus are likely to be underestimated. However, Batcheldor et al. (2007) based on NIR magnitudes agree well with estimates based on the stellar velocity dispersion in BCGs. As such, the accuracy of our black hole estimates are unclear, and we take this into account in our interpretation of our results in section 4.4.
RESULTS AND DISCUSSION
Mass Partitioning
Gas Mass Fraction
In order to make contact with earlier studies, we first investigate the relationships between the total mass, gas mass, and stellar mass in our sample. We fit the relationship between the gas mass within R2500 and M2500 in HIFLUGCS systems using the bivariate correlated error and intrinsic scatter (BCES) method of Akritas & Bershady (1996) . We find a tight correlation between halo mass and gas mass, shown in Figure 2 , that follows the power law relationship Mg,2500/10 13 M = 10 −1.27±0.05 (M2500/10 13 M ) 1.20±0.04 . The slope of this relationship is consistent with Gonzalez et al. (2013) .
This result implies that the gas fraction increases with halo mass. At the highest masses, the gas fraction is approximately 0.12, comparable to 0.11 found by Allen et al. (2008) in relaxed clusters with temperatures above 5 keV. These values lie below 0.155 derived from cosmic microwave background measurements (Ade et al. 2013 ), in part because we have not included stellar masses.
Cluster Scaling Relations
Before investigating the effects of AGN feedback on cluster scaling relations, we first investigate how the scaling relations in our sample compare to earlier work. If galaxy cluster formation was governed solely by gravity, the cluster luminosity, temperature, and mass should be related by simple powerlaw expressions, as
, where E(z) = H(z)/H0 (Kaiser 1986) . Departures from these relations are likely caused by baryonic processes, such as radiative cooling and heating by AGN and supernovae (reviewed by Kravtsov & Borgani 2012 ). Here we search for indications that these scaling relations are affected by ongoing AGN feedback.
We fit the L − T and M − T relations with the bivariate correlated error and intrinsic scatter (BCES) method of Akritas & Bershady (1996) . Previous studies have found deviations from self-similarity are largest in poor clusters and groups Sun 2009; Eckmiller, Hudson & Reiprich 2011 ). We perform fits on both our primary sample and on the systems in the primary sample with temperatures above 3 keV. We also fit our sample omitting evolutionary corrections to allow a direct comparison to the results in section 4.3.
L-T relation
The luminosities calculated for a flux limited sample are affected by the Malmquist bias, which over-represents the most luminous objects. For a low-redshift sample with a log-normal distribution of luminosities and no redshift cutoff, the bias on L in the L − T relation can be expressed as ∆ ln L = 3 2 σ 2 i , where σi is the intrinsic log normal scatter in L for a given temperature (described in Vikhlinin et al. 2009 for the L − M relation). This will be equivalent for any relation between L and a second variable, if they are related by a powerlaw with log-normal scatter. The Malmquist bias in our sample would then simply modify the normalization, but not the exponent of powerlaw relations involving luminosity.
The best-fit results to our L−T and M −T relations are given in table 3, and are shown in figure 3. Our fit to the full sample is L bol E(z) −1 ∝ T 2.63±0.10 . This slope is significantly steeper than the self-similar value, but is consistent with the range of slopes of core-excised L−T relations found in previous studies (see Giodini et al. 2013 for a review, and Figure  3 for a few comparisons), including L−T relations measured for the full cluster population and in non cool-core clusters (Markevitch 1998; Zhang et al. 2008; Eckmiller, Hudson & Reiprich 2011) . Notably, our L − T relation is steeper than the value of 2.15 ± 0.17 of Maughan et al. (2012) for coreexcised cool-core clusters. This may be due to our inclusion of lower temperature systems, which drive the relation away from self-similarity. The best-fit slope in our systems above 3 keV of 2.47 ± 0.34 is shallower, but is not significantly different from the result for the full sample. Our normalization is lower than previous studies due to a smaller aperture size compared to the typical radius of R500. The raw scatter in our relation is ∼ 41%, close to other core-excised L-T relations of cool-core systems (eg: 0.103 dex in [1]
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M-T relation
The best-fit M − T relation is given by (M2500/10 13 M )E(z) ∝ T 1.87±0.12 keV for our primary sample, and (M2500/10 13 M )E(z) ∝ T 1.68±0.22 keV when fit to the systems in our primary sample with T > 3 keV. The M − T relation is steeper than the self-similar expectation for our full sample, and is consistent with M ∝ T 3/2 when only the T > 3 keV systems are fit. The normalization of our relation is slightly higher than those of and Vikhlinin et al. (2006) , but this difference is within the 1-σ uncertainties. A slope of 1.87 ± 0.12 is marginally steeper than the slopes of ∼ 1.6 − 1.7 which is usually observed over the same mass range (e.g., Vikhlinin et al. 2006) . Due to the small number of points at low mass, this could easily be caused by one or two outliers. For example, excluding NGC 5044, the best-fit slope is 1.77 ± 0.10. We find no convincing evidence that the M − T relation in our sample is significantly different from previously measured relations.
Summary of scaling relations results
We measured the L − T and M − T relations in our primary sample, excluding the inner 0.3 R2500. This sample is comprised entirely of cool-core clusters currently experiencing mechanical feedback, as evidenced through X-ray cavities. Both relations are steeper than the self-similar slopes. The M −T relation is consistent with the self-similar scaling, but only in clusters with mean temperatures above 3 keV. Our measured L − T and M − T relations are consistent with previous studies which included the full cluster population, and studies of non cool-core clusters (see eg: Arnaud, Pointecouteau & Pratt 2005; Vikhlinin et al. 2006; Pratt et al. 2009; Mittal et al. 2011; Maughan et al. 2012 for detailed analyses). The scaling relations for our sample are generally consistent with the cluster population as a whole, when measured beyond the inner regions of the cluster. This result seems to imply either that mechanical AGN feedback is not strongly affecting the overall temperature and luminosity of clusters beyond the cooling radius (Mantz et al. 2010) , or that all clusters have experienced a significant level of heating from AGN or other processes in the past. The above shows that our sample, chosen specifically based on direct evidence of AGN heating, does not appear to be atypical in terms of large scale cluster properties. This helps inform the interpretation of the new correlations which we investigate in further sections.
Relationship between Jet Power and Dark Matter Halo Mass
Using scaling arguments (Kaiser 1986) , we now consider how the jet powers of AGN at the centers of cluster cool-cores are expected to scale with the properties of their hosts. In the spirit of scaling models, we ignore all but the most basic physical processes. Hence, we assume that the jet mechanical power is the dominant heat source preventing the hot gas from cooling in every cluster cool-core. Thus, for the central AGN to regulate cooling and star formation by feedback, its mean jet power must, at least, match the power radiated by the gas that could otherwise cool to low temperatures, i.e. the cooling power. The cooling power, L cool , is estimated as the power radiated by gas within the cooling radius, R cool , where the gas cooling time equals the age of the cluster. Although feedback has a significant impact on the gas distribution within R cool , gas outside this radius is much less affected (because the total thermal energy of the gas is a strongly increasing function of the radius in the region of interest in most clusters). Voit, Kay & Bryan (2005) argue that the entropy index, Σ = kT /n 2/3 e , varies with radius as Σ ∝ R η , with η 1.1, in the self-similar regions of clusters, R > R cool . Approximating cluster atmospheres as constant temperature, which is typically correct to within a factor of a few, this implies that the electron density scales as
where Rv is the virial radius, ρ is the mean mass density of the cluster within the virial radius and fg is the gas fraction. The cooling time scales as T /(neΛ), where we assume that the cooling function, Λ, scales with temperature as Λ(T ) ∝ T α . Equating the cooling time to the cluster age, tage, then gives the scaling for R cool ,
Observed entropy and gas density profiles are less steep in the core region that has been affected by AGN feedback than in the self-similar region beyond R cool , so that the cooling luminosity is dominated by radiation from around R cool . Since the thermal energy within the cooling radius scales as p(R cool )R 3 cool , where p is the pressure, and the cooling time there is tage, the power radiated from within the cooling radius scales as L cool ∼ p(R cool )R 3 cool /tage. Noting that p ∼ neT , we also have from (7) where the final expression is obtained by using the relation (8) to eliminate R cool /Rv. Under the usual self-similar scaling assumptions, T ∼ M 2/3 ρ 1/3 and cooling is dominated by thermal bremsstrahlung, so that α = 0.5. Using these to eliminate the temperature from the final expression in (9) and retaining only the mass-dependent terms gives the mass dependence of the cooling power as
39 for η = 1.1. Finally, using fg ∼ M 0.2 , as measured in section 4.1.1, gives L cool ∼ M 1.75 . For heating to balance cooling, we need Pcav = L cool . Strictly, fg is constant for the self-similar model, so that allowing it to be mass-dependent here highlights a weakness of scaling models. Nevertheless, observed gas fractions increase with cluster mass and we should expect this to steepen the mass dependence of feedback power.
SMBH co-evolution appears to be tied more closely to the bulge than the halo (Reviewed by Kormendy & Ho 2013) . In addition, Bluck et al. (2014) find that quenching in central galaxies is most tightly coupled to the bulge mass, and suggest AGN feedback as the most likely quenching mechanism. In order to examine this, we compare AGN energetics with M2500 and with MK of the BCG.
We fit power law relationships using Ecav, Pcav, and L1.4GHz. A2204 is excluded from our fits due to the large systematic uncertainty in the energetics of the outer cavity system (Sanders, Fabian & Taylor 2009 ). The error on the scatter is calculated through bootstrap resampling with 10000 iterations. The relations for M2500 and MK are plotted in Figure 4 , and are listed in Table 4 with the 1-σ logarithmic vertical scatter.
In the primary sample, we find best-fitting relation between cavity energy and halo mass, Ecav ∝ M 2.04±0.30 2500
. The best-fitting relationship between jet power and halo mass, Pcav ∝ M
1.55±0.26 2500
, is consistent with our self-similar model scaling of (9), and with the Somerville et al. (2008) semi- analytic model that assumes jet power scaling with black hole mass as M 1 BH .6. The relation between Pcav and M2500 is further consistent with the model detailed in Sijacki & Springel (2006) with Pcav ∝ MBH and an M-σ relation of MBH ∝ σ 4 or MBH ∝ σ 5 . The relation between Ecav and M2500 is steeper than either of these models, but favours coevolution of the forms Pcav ∝ MBH, and MBH ∝ σ 5 . The assumption that Ecav ∝ MBH is equivalent to fixing accretion c 0000 RAS, MNRAS 000, 000-000 A Relationship Between Halo Mass, Cooling and AGN Heating 11 to be proportional to the Eddington rate (e.g., Somerville et al. 2008 , which we investigate further in Section 4.4.
The extended sample yields steeper scalings of the forms Pcav ∝ M
2.03±0.17 2500
and Ecav ∝ M 2.51±0.22 2500 , both of which are steeper than the primary sample and the simple analytic model of (Sijacki & Springel 2006) . As the extended sample includes higher redshift clusters, its steepening could be either a real evolutionary effect or selection bias introduced by our insensitivity to low power AGN at higher redshifts that would lie below the relation. We cannot distinguish between these possibilities. Nevertheless, having been drawn from a complete, flux-limited sample, the results for the primary sample are reliable.
Scaling between AGN Power, Gas, and Stellar Mass
The dependence of Pcav on gas mass is similar to that on total mass. The RMS residual of Pcav on gas mass is 0.54±0.08, and the fits are equally good for gas and total mass. The situation is much the same for T , L bol,total , L bol,exc , due to the close relationship between the gas and total masses. Assuming the black hole is fuelled by gas, jet power would more naturally be expected to correlate with gas mass. However, we find no quantitative evidence that gas mass is preferred over total mass.
The scatter in the trend between jet power and the BCG's K-band magnitude (a proxy for stellar mass) in Figure 4 is not significantly larger than that for the trend with M2500 for both the primary and extended samples.
We also used the 1.4 GHz luminosity as an independent proxy for mechanical power. We find that the scatter in the relationship between L1.4GHz and M2500 is 0.89 ± 0.14 dex and the scatter for MK is 1.11 ± 0.20 dex. The difference is insignificant.
Correlation Bias
A biased cavity detection procedure could potentially affect the scaling relations involving cavity power. One possible source of bias would be a preferred angular size for detectable cavities due to Chandra's spatial resolution. With 0.492" pixels, cavities need to be a few arcseconds across to be resolved by Chandra. The most obvious manifestation of a preferred angular size would be a spurious correlation with redshift. Cavity power would scale as
A , and t buoy ∝ DA. In a flux-limited sample, this would cause a spurious correlation between cavity power and X-ray luminosity.
The angular areas of the cavities in our systems are plotted against angular diameter distance in Figure 5 . The areas span 3 decades and, on average, decrease with redshift. This trend is inconsistent with a preferred angular size, and implies no spurious redshift dependence. Thus our correlations of cavity power with redshift dependent quantities are likely physical trends.
Several other factors suggest a genuine relationship between halo mass and Pcav. It is unlikely that much more powerful outbursts are missed in the nearby, low-mass systems as they would be easily detected. In the full HIFLUGCS sample, we also find a strong correlation in clusters with short central cooling times between jet power and halo mass when using 1.4 GHz luminosity as a proxy for jet power (see Figure 9 and Section 5.1). All HIFLUCGS clusters with central cooling times below 1 Gyr are radio audible. Therefore, we are missing few if any objects to the bottom-right or top-left of the relationship between Pcav and M2500. Therefore, the correlation is likely real.
Integrated star formation efficiency
We now investigate the potential impact of AGN feedback on the efficiency of star formation, adopting the ratio of the BCG's stellar mass to the total baryon mass as a probe i.e. M * /M baryon where M baryon ≡ Mg,2500 + M * ,BCG. We do not consider the masses of satellite galaxies in the core , but note that the BCG dominates the stellar mass there (Burke, Hilton & Collins 2015) . We plot the fraction of baryons in stars against both gas mass and stellar mass in Figure 6 . These diagrams show that that the gas fraction locked-up in stars declines with total gas mass from a value of about 20% in groups with baryon masses of ∼ 10 12 M to roughly 1% or less in the centres of rich clusters with gas masses upward of 10 14 M . Interpreted as the efficiency of conversion of gas into stars, the integrated star formation efficiency of BCGs decreases dramatically with the total gas and halo masses, as previously observed (e.g. David, Jones & Forman 1995; Behroozi, Wechsler & Conroy 2013; Gonzalez et al. 2013 ). This indicates that the central stellar mass is remarkably consistent from galaxy to galaxy, and the trend is sharper when restricting the measurement to stellar mass within a 20 kpc aperture.
The right hand panels of Figure 6 show that the stellar mass range is much smaller than the range of halo mass. The stellar mass increases with halo mass with an amplitude no larger than the scatter in the trend. The data show that BCGs have grown to a relatively narrow range of masses despite the enormous fuel supply available to continue fuelling their growth. BCGs residing in low mass halos containing almost 30% of the baryonic mass within R2500, consumed their fuel supplies more efficiently than BCGs in the highest mass systems, which consumed only 1 − 2% of the baryonic mass within R2500.
Effects of Cooling Atmospheres
In order to convert the fuel reserves locked-up in hot atmospheres into stars, the gas must cool and accrete into the centre of the halo. In order to investigate the potential effects of cooling atmospheres on the integrated star formation efficiency in BCGs, we compare the stellar mass to the halo mass in the HIFLUGCS sample. We examine the relationship between the ratio of stellar to halo mass M * ,BCG/M2500 and halo mass M2500 in clusters with and without cooling atmospheres. To isolate the cooling and noncooling atmospheres, we have divided the sample by central cooling time, indicating those clusters whose central cooling times lie above and below 1 Gyr, which corresponds approximately to the cooling time threshold above which cold clouds and star formation are observed in BCGs (Rafferty, McNamara & Nulsen 2008) .
We find no discernible separation between BCGs with long and short central cooling times in the left panel of Figure 7 . Although most BCGs with short central cooling time are forming stars, recent star formation has apparently contributed little to the total stellar mass of the galaxies. If cooling and star formation were able to ensue unimpeded over the past several Gyr, the gas available within the cooling radius should fuel enough star formation to significantly increase the stellar mass.
In order to examine this question quantitatively, we calculated the gas mass within the cooling region and added it to the observed stellar mass to estimate how much the galaxies would have grown had this gas formed stars. The values of r cool represent the radius within which the cooling time of the ICM is less than 7.7 Gyr, taken from Bîrzan et al. (2012) . In those systems where we do not have the full gas mass profile, the gas mass within r cool was estimated assuming the gas density follows an NFW profile with c500 = 3, a typical value for halos in our mass range (Vikhlinin et al. 2006) . Mg,2500 is calculated using Mg/10 13 M = 10 −1.27 (M2500/10 13 M ) 1.20 , derived in section 4.1.1, which with the NFW assumption gives a value of Mg(< r cool ). The value (M * ,BCG + Mg(< r cool ))/M2500 then indicates how much the BCG would have grown if the hot atmosphere had cooled efficiently and formed stars shown in the right panel of Figure 7 . A comparison between the left panel of Figure 7 , showing BCGs as they are, and the right panel which shows their mass had all the gas that could have cooled over the last 7.7Gyr formed stars, indicates the dramatic difference in their masses by factors of several to nearly a factor of 10. That BCGs do not segregate in this diagram is a graphic indication of how efficiently cooling has been suppressed. Virial shocks in groups and clusters heat accreting gas, which limits the cooling gas that can reach the BCG in halos above ∼ 10 12 M (Dekel & Birnboim 2006). However, one or more additional mechanisms are need to suppress cooling, possibly including thermal conduction (Voigt & Fabian 2004) and AGN feedback . Figure 7 shows that heating has been remarkably efficient over the half the age of the universe (i.e. since z=1) (Ma et al. 2011; Ma, McNamara & Nulsen 2013; McDonald et al. 2013) . Studies have shown (Lidman et al. 2012 (Lidman et al. , 2013 that BCGs have grown by less than a factor of two in stellar mass since z ∼ 1, driven primarily by mergers rather than cooling.
Accretion Rate
The analytic scaling between cavity energy and halo mass discussed above in section 4.3 assumes the accretion rate is a low, fixed fraction of the Eddington rate. In this section, we investigate whether accretion rate is a constant function of mass in our sample.
As matter accretes onto the central SMBH, the binding energy released by the accreting mass will drive an outburst with some efficiency . Assuming that the X-ray cavities dominate the total energy output of the AGN, the accretion rate can be estimated asṀ
The maximum accretion rate in which gravity is balanced by radiation pressure from accretion is given by the Eddington accretion rate, which for a fully ionized plasma can be calculated asṀ
In Figure 8 we plot the accretion rateṀacc/Ṁ Edd against halo mass, using the black hole masses derived in section 3.3. The accretion rates in our systems range between 10
−5Ṁ
Edd and 0.04Ṁ Edd , all well below the Eddington rate, as expected for radiatively inefficient accretion. The weak positive trend shown in Figure 8 is harder to interpret. Taken at face value, it implies that higher mass halos accrete at higher specific accretion rates. However, the trend may be the result of incorrect underlying assumptions, such as misestimation of black hole masses. The estimates ofṀ Edd rely on the scaling relation between MBH and LK . The black hole mass scaling relation is poorly constrained above MBH ∼ 10 9 M and data suggest an upturn to larger black hole masses (Lauer et al. 2007 ) in more massive galaxies (Graham & Scott 2015) . Assuming accretion rate is indeed proportional to mass, in our sample, witḣ Macc/Ṁ Edd = 10 −4 , black hole masses exceeding 10 10 M would be implied in the most massive clusters. Given M87's black hole mass of several 10 9 M lies in a less luminous central galaxy, the existence of ultramassive black holes is plausible. (2009) found a correlation between the radio luminosity and the bolometric X-ray luminosity in cool-core systems, but no evidence for a correlation in weak or non cool-cores. In addition, Ma, McNamara & Nulsen (2013) found only a weak trend between ROSAT X-ray luminosity and NVSS radio luminosity, presumably including both cool-core and non cool-core clusters. In this section we investigate the effects of AGN heating using mechanical power in the complete HI-FLUGCS sample, which includes clusters with and without cool-cores. In order to examine the relationship between feedback in cooling and non-cooling atmospheres, we have separated the HIFLUGCS sample into systems with central cooling times above and below 1 Gyr. In all systems, we estimate the mechanical power from the central 1.4 GHz radio luminosity, using the relation from Cavagnolo et al. (2010) logP mech = 0.75 (±0.14)logP1.4 + 1.91 (±0.18),
where P mech is in units of 10 42 erg s −1 and P1.4 is in units of 10 40 erg s −1 . This relation has been measured over the full range of radio luminosities in our sample, and has a scatter of 0.78 dex. Because many of our systems do not have well defined X-ray cavities and/or uniformly deep Chandra observations to detect them, applying the scaling relation to all systems yields uniform but somewhat higher variance over the sample. We refer to the power estimated using this relation as the "mechanical power", or P mech , throughout this section.
We plot the mechanical power against M2500 for the full HIFLUGCS sample in Figure 9 . The distributions of P mech for systems with short and long central atmospheric cooling times are segregated in Figure 9 . Systems with central cooling times exceeding 1 Gyr experience AGN outbursts that are typically two orders of magnitude less powerful than systems with central cooling times below 1 Gyr. Systems with central cooling times less than 1 Gyr are not only more powerful, their AGN powers also correlate with halo mass. The correlation with halo mass is consistent with our earlier re- sult using direct measurements of cavity power. In contrast, the AGN powers of systems with long central cooling times are not correlated with halo mass. Most are relatively weak or dormant. Nevertheless, some are experiencing powerful AGN outbursts that rival the most powerful in the entire sample.
We have superposed in Figure 9 , our Pcav-M2500 relation from section 4.3 and its 2σ lower limit to distinguish systems with high mechanical power for their halo mass. We find 11/36 (∼ 30%) of the clusters with long cooling times lie above this limit, while all 28 of the clusters with short cooling times harbour powerful radio outbursts. In the latter, the AGN are presumably being fueled by cooling atmospheres, while the fueling mechanism in the clusters with long cooling times is unknown. Unresolved coronae (Sun 2009) or cold gas accreted from interloping galaxies (Hardcastle, Evans & Croston 2007) are candidates. This result shows heating from AGN is significant in all clusters, but systems with long central cooling times are not necessarily fueled by a feedback cycle.
CONCLUSIONS
We derive X-ray mass, luminosity, and temperature profiles for 45 galaxy clusters to explore relationships between halo mass, AGN feedback, and central cooling time using the HI-FLUGCS sample. We find that radio-mechanical feedback power, determined from X-ray cavities, correlates with halo mass, but only in halos with central atmospheric cooling times shorter than 1 Gyr. The 1 Gyr timescale corresponds approximately to the cooling time threshold for the onset of star formation (Rafferty, McNamara & Nulsen 2008 ) and the entropy threshold for Hα emission (Cavagnolo et al. 2008) . For the HIFLUCGS sample, the relationship between cavity power and mass is of the form Pcav ∝ M 1.55±0.26 2500
. No correlation is found in systems with central cooling times greater than 1 Gyr.
If cooling is regulated by AGN feedback fuelled by accretion at a fixed fraction of the Eddington rate, the trend of jet power with halo mass is expected to be Pcav L cool ∼ M 1.75 , where the value of the exponent depends on the radial entropy profile and the mass dependence of the gas mass fraction, both of which are uncertain. This scaling is con- sistent with the observed trend between radio-mechanical power and halo mass. The observed trend is also consistent with the assumption that jet power is proportional to black hole mass (Sijacki & Springel 2006; Somerville et al. 2008 ). This implies analytic scalings of Pcav ∝ M 4/3 , for MBH ∝ σ 4 , or Pcav ∝ M 5/3 , for MBH ∝ σ 5 . AGN power is correlated equally well with X-ray gas mass and total mass, but less well with the K-band luminosity of the central galaxy. Radio-mechanical powers in clusters with central atmospheric cooling times longer than ∼ 1 Gyr typically lie two orders of magnitude below those with shorter central cooling times. We find that ∼ 30% of these clusters are experiencing radio outbursts comparable in power to the clusters with short central cooling times. This indicates that central galaxies undergo powerful radio outbursts regardless of their halo mass or central cooling time on the scales resolved in this study. Rare but powerful radio outbursts may well be the primary source of excess energy injected into the ICM.
We further investigate the impact of feedback on cluster scaling relations. We find L − T , and M − T relations, excluding regions directly affected by AGN, with the forms L ∝ T 2.63±0.10 , M ∝ T 1.87±0.12 . These forms are generally consistent with the cluster population when measured in our temperature range.
We examined the star formation history of central galaxies using the ratio of stellar mass (i.e., K-band luminosity) to total halo mass within R2500. The fraction of the mass in the stars of the central galaxy decreases sharply with halo mass, consistent with David, Jones & Forman (1995) and Gonzalez et al. (2013) . While the gas mass rises, the stellar mass remains nearly constant with rising total mass. This trend is seen in all clusters regardless of central cooling time, which implies that star formation in central galaxies is tightly regulated throughout the buildup of their halos. It further implies a long-term balance between AGN heating and atmospheric cooling. Figure A1 . Mass profiles of total and gas mass. The y axis gives the enclosed mass in M , the x-axis gives the radius from the cluster centre in kpc. The red curve denotes the total mass profile, and the dashed black curve is the gas mass profile. The solid vertical line denotes R 2500 . Note that the error bars in each profile are correlated.
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